Binocular rivalry arises when incompatible images are presented to the two eyes. If the two eyes' conflicting features are invisible, leading to identical perceptual interpretations, does rivalry competition still occur? Here we investigated whether binocular rivalry can be induced from conflicting but invisible spatial patterns. A chromatic grating counterphase flickering at 30 Hz appeared uniform, but produced significant tilt aftereffect and orientation-selective adaptation. The invisible pattern also generated significant BOLD activities in the early visual cortex, with minimal response in the parietal and frontal cortical areas. Compared with perceptually matched uniform stimuli, a monocularly presented invisible chromatic grating enhanced the rivalry competition with a low-contrast visible grating presented to the other eye. Furthermore, switching from a uniform field to a perceptually matched invisible chromatic grating produced interocular suppression at approximately 200 ms after onset of the invisible grating. Experiments using briefly presented monocular probes revealed evidence for sustained rivalry competition between two invisible gratings during continuous dichoptic presentations. These findings indicate that even without visible interocular conflict, and with minimal engagement of frontoparietal cortex and consciousness related top-down feedback, perceptually identical patterns with invisible conflict features produce rivalry competition in the early visual cortex. binocular rivalry | awareness | visual cortex W hen two different images are presented one to each eye, the human visual system resolves the perceptual conflict and engages in binocular rivalry; perception alternates spontaneously between the two eyes' images (1) . Although visual adaptation and noise are known to be factors influencing the dynamics of rivalry (2) , the intrinsic factor that initiates rivalry competition remains elusive (3) (4) (5) (6) . One possibility is that rivalry competition occurs because dichoptic images lead to conflicting perceptual interpretations, and the visual system resolves the perceptual conflict by suppressing one eye's signal, resulting in a coherent conscious percept. Alternatively, the early stages of the visual system may resolve interocular conflict between dichoptic stimuli regardless of whether or not the perceptual outcomes are compatible. In the first scenario, patterns with invisible conflicting features presumably would not lead to rivalry competition, because there would be no perceptual conflict between eyes; however, the second scenario predicts that rivalry competition should still arise from invisible dichoptic patterns.
In the present study, we investigated whether binocular rivalry could arise from dichoptic stimuli with invisible patterns. The aim was to enhance our understanding of what drives binocular rivalry, including the mechanism that initiates and sustains rivalry competition. If the two eyes' stimuli, although physically different, yield an identical perceptual outcome, will the brain consider it unnecessary to engage the rivalry mechanism? The results may shed light on the general relationship between visual awareness and resolution of conflicts in visual inputs. It will also help elucidate the role of top-down factors during binocular rivalry (7, 8) . When dichoptic patterns are rendered invisible, top-down modulation based on conscious perception of the pattern difference will not be engaged. If binocular rivalry depends on these top-down modulations, then there should be no rivalry competition between invisible patterns; however, if rivalry can be automatically triggered from interocular conflict, then rivalry can still occur with invisible conflicting patterns.
There has long been interest in delineating the relationship between attention and awareness. Previous studies have suggested that visual attention and visual awareness might be two distinct processes in the human brain (9, 10) ; comparing the effects of attention and awareness on binocular rivalry should shed new light on this important question. Sustained rivalry has been shown to be dependent on focused visual attention. Diverting attention away from the dichoptic stimuli greatly diminishes the rivalrous alternation of two eyes' signals in the early visual cortex (11) and abolishes behavioral evidence of binocular rivalry (12) . In contrast, in the present study we directly tested whether visual awareness of the conflicting spatial patterns is necessary for them to engage in rivalry competition.
In this study, we investigated whether rapidly counterphase-flickering invisible chromatic gratings, which are perceived as an uniform yellow disk, can induce binocular rivalry. A previous psychophysics study showed that flicker adaptation occurs from invisible luminance and chromatic flicker (13) , and a functional magnetic resonance imaging (fMRI) study from our group found that the human brain responds to invisible chromatic flicker as far as visual area V4 (14) , indicating that the invisible pattern information from chromatic flicker could be processed in retinotopic visual areas. Therefore, such stimuli allow us to ask whether, in the absence of awareness and related high-level cortex, invisible conflicting gratings can induce rivalry competition in the early visual cortex.
Results
To ensure that the orientation information from invisible counterphase-flickered chromatic patterns can reach the primary visual
Significance
Here we investigated a key question regarding how the brain resolves conflicting information-specifically, does binocular rivalry competition require conscious awareness of interocular conflicting information? We first showed that a chromatic grating counterphase flickering at 30 Hz became invisible but could induce a significant tilt aftereffect and orientation-selective adaptation. The invisible gratings produced significant BOLD activities in the early visual cortex but not in frontoparietal cortical areas. Further experiments revealed that although the pattern information was not consciously perceived, invisible orientation conflict between the two eyes could induce rivalry competition. Thus, visual competition could occur without conscious representation of the conflicting visual inputs, presumably in the sensory cortex with minimal engagement of high-level cortex and related top-down feedback modulations.
cortex, in experiment 1 we first tested whether such invisible chromatic gratings could activate orientation-selective neurons in the early visual cortex. Prolonged exposure to the invisible grating produced a tilt aftereffect (TAE) and orientation-specific contrast threshold elevation, indicating that the invisible orientation information is effectively represented at least at the primary visual cortex (V1). Experiment 1c showed that invisible gratings produced significant fMRI responses in the early visual cortex, but not in high-level areas in the frontal and parietal cortices. Experiment 2a showed that invisible chromatic gratings presented to one eye prolonged the dominant duration of that eye in competition with a low-contrast orthogonal visible grating in the other eye. Furthermore, using briefly presented probes, experiment 2b directly revealed interocular competition between two invisible gratings, and experiment 2c showed strong evidence for sustained rivalry competition between two invisible gratings during continuous dichoptic presentations. It has been shown that an orientation-contingent color aftereffect (McCollough effect) could be induced even when the color alternations are too fast to be consciously perceived (15) , suggesting that orientation-color conjunction-selective neurons can track their preferred conjunction much faster than consciousness. Here we sought direct evidence that the chromatic gratings used in our experiments, rendered invisible through fast counterphase modulation, could activate orientation-selective neurons in the early visual cortex, which is a prerequisite for interocular competition. Specifically, we examined whether prolonged exposure to the invisible chromatic gratings could produce a TAE, as well as an orientation-selective contrast threshold elevation. Fig. 1A illustrates the stimuli and procedure for the TAE experiment. Fig. 1B shows that prolonged exposure to the invisible chromatic gratings produced a significant TAE [0.643 degrees, t(4) = 6.935, P = 0.0023]. Vertical test gratings are perceived as tilted away from the adapting orientation after adaptation to an invisible grating tilted 15 degrees from vertical. Fig. S1 shows that subjects' performance to discriminate the orientation of invisible gratings was at chance level in a two-alternative forced choice task (2-AFC). And occasional visible artifacts had minimal influence on the observed TAE (Fig. S2) . Fig. 1C illustrates the stimuli and procedure for the orientation-selective adaptation experiment. Fig. 1D shows that after adaptation to the invisible chromatic gratings, the contrast detection threshold for the test Gabor probe parallel with the adapting grating was significantly higher than that for the orthogonal orientation [t(5) = 2.972, P = 0.0311]. These findings are consistent with a previous study showing that orientation-selective adaptation can be induced by prolonged exposure to rapidly contrast-reversed luminance gratings that were subjectively invisible (16) . The significant TAE and orientation-selective adaptation effect from invisible chromatic gratings demonstrate that orientationselective neurons in the early visual cortex (at least V1) were activated by the invisible orientation information.
In an fMRI experiment (experiment 1c), we further investigated the neural sites that invisible chromatic gratings could reach in the cerebral cortex. A long spaced event-related design was used to detect BOLD responses to a central stimulus changing from a static solid yellow disk to chromatic gratings flickering at 7.5 Hz (visible) or 30 Hz (invisible) for 2 s, followed by a 14-s interstimulus interval (ISI) of the solid yellow disk. During the experiment, subjects performed a central fixation task to detect occasional luminance changes of the fixation. The results show that invisible gratings produced a significant BOLD response in the early visual areas from V1 to V4, as well as in the lateral occipital complex, but no or minimal response in the parietal and frontal cortices (Fig. 2B) . Therefore, the invisible orientation information from fast-flickering chromatic grating reached the early retinotopic visual areas, but remained "invisible" to the frontoparietal brain regions. In experiment 2, we asked whether invisible chromatic gratings, without producing perceptual conflict or activating high-level brain areas, could induce rivalry competition. Because possible alternation between two perceptually identical invisible gratings could not be directly monitored and thus explicitly reported, we used several approaches to assess whether rivalry competition could arise from invisible conflicting patterns. In experiment 2a, we compared the potency of an invisible grating vs. a uniform field when pitted against a visible grating during dichoptic presentation, indexed by the dominance duration of the visible grating. In experiments 2b and 2c, the two dichoptically presented gratings were both rendered invisible, and a monocular probe at the threshold-level contrast was briefly presented to one eye and then the other to gauge each eye's sensitivity during dichoptic viewing of invisible gratings. In experiment 2b, we adopted the interocular flash suppression paradigm to test whether an invisible grating presented to one eye could be interocularly suppressed by abrupt and unperceived presentation of an orthogonal invisible grating to the other eye. In experiment 2c, to investigate whether two dichoptic invisible gratings could engage in sustained rivalry, we measured the sensitivity to a monocular probe during continuous dichoptic presentation of invisible patterns. Experiment 2a: Binocular rivalry between invisible and visible chromatic gratings. Experiment 2a tested whether invisible chromatic gratings presented to one eye could enhance rivalry competition with an orthogonal visible grating in the other eye. As shown in Fig.  3A , one eye was presented with a low-contrast but clearly visible chromatic grating, and the other eye was presented with one of three types of stimuli: an invisible flickering chromatic grating in the orthogonal orientation, a flickering uniform red/green (R/G) disk, or a static uniform yellow disk. The key here is that all three stimuli were perceived as a static yellow disk; subjects were unable to distinguish among them ( Fig. S1 B and C) . However, if the spatial pattern in the invisible grating could contribute to rivalry competition, then the visible competing grating would be perceived to disappear more often. During multiple 60-s observation periods, subjects were asked to report whether they perceived the low-contrast visible grating, the static yellow disk, or only parts of the grating (mixed percept). Fig. 3B shows that the total time that subjects perceived the low-contrast grating (all or parts of the grating) was significantly shorter when the stimulus in the fellow eye was the invisible chromatic grating compared with the other two conditions without spatial patterns [vs. R/G disk flicker: t(7) = 4.895, P = 0.0018; vs. static yellow disk: t(7) = 4.663, P = 0.0023]. This finding indicates that the invisible pattern information in the chromatic gratings contributed to and enhanced rivalry competition with an orthogonal visible grating, thereby shortening the dominant duration of the visible grating in sustained rivalry.
To obtain more objective measures, we tested whether sensitivity for the eye with the visible grating could be suppressed (indexed by detection performance of a test probe) by an orthogonal invisible chromatic grating presented to the opposing eye. The dichoptic stimuli were the same as in the preceding experiment, and subjects performed a 2-AFC task to detect a test probe briefly presented to the eye with the visible grating. Fig. 3C shows that the detection performance for the probe was significantly worse when the stimulus in the opposing eye was an invisible chromatic grating compared with the other two control stimuli without a spatial pattern [vs. R/G disk flicker: t(5) = 4.152, P = 0.0089; vs. static yellow disk: t(5) = 3.003, P = 0.0300]. This result clearly shows that invisible chromatic gratings in one eye enhanced interocular suppression, leading to the reduced detection of orthogonal orientation information in the opposing eye, further supporting the idea that invisible patterns contribute to rivalry competition.
Therefore, when presented dichoptically against a low-contrast visible grating, the spatial pattern in the invisible grating prolonged its dominant duration in sustained rivalry and also induced stronger interocular suppression. Given the perceptual difference between the two eyes' stimuli (one uniform and the other a low-contrast grating), we can conclude that invisible spatial patterns contribute to and enhance interocular competition. The question of whether rivalry competition could be initiated from two perceptually identical invisible patterns remains open, however. We addressed this question in the subsequent experiments.
Experiment 2b: Interocular competition between invisible chromatic gratings. When two visible patterns compete interocularly, a transient change to one eye's stimulus will enable that eye to gain perceptual dominance almost instantly. This phenomenon, called flash suppression, can be used to test whether interocular competition can be induced from dichoptically presented invisible patterns. In essence, we investigated whether switching from a uniform yellow disk to a A test probe, generated by brief contrast increment of a small part of the low-contrast visible grating, was presented to the left or to right side of fixation. Subjects made forced-choice responses to indicate whether the probe was presented to the left or the right side of fixation. The contrast increment for the probes was fixed at the threshold level for each individual. The detection performance of monocular probes in the eye with the visible grating was significantly lower when the opposing eye was presented with the orthogonal invisible grating compared with the other two control conditions. Error bars indicate SEM. Data in B and C were normalized relative to the value in the yellow disk control condition. For each subject, data in the yellow disk condition were subtracted from all three conditions, after which the mean value (across subjects) of the yellow disk condition was added back. Such normalization did not affect the within-subject statistics. perceptually matched invisible grating (i.e., an invisible flash) in one eye could produce interocular flash suppression over an orthogonal invisible grating in the other eye, by measuring the detection performance of a probe presented to the recently flashed (presumably dominant following the flash) eye or to the other eye with the existing invisible grating (presumably suppressed following the flash).
In experiment 2b, one eye was first presented with an invisible chromatic grating, and then in the other eye an initially uniform disk was switched to an orthogonal invisible grating (Fig. 4A) . After a variable delay, a test Gabor probe oriented between the two invisible gratings was presented briefly to one eye or the other, and subjects provided 2-AFC responses to the location of the probe. When the probe was presented at approximately 200 ms after the flash, probe detection performance was significantly better when it was presented in the eye with the invisible grating newly switched on compared with the eye with the preexisting invisible grating [t (6) = 4.21, P = 0.0056] (Fig. 4) . Fig. S3 shows that the observed interocular competition is not due to rare visual artifact from occasional uncontrolled large eye movements. Visibility tests showed that observers were unable to discriminate the orientation of the invisible gratings in a 2-AFC task (Fig. S1A) or to detect the appearance of invisible gratings in a 2-AFC task (Fig.  S1C) . These data clearly show that interocular neuronal suppression from the invisible flash occurred approximately 200 ms after onset of the invisible gratings. The onset timing of the flash suppression in the present study is consistent with the timing of initialization of the rivalry between two orthogonal dichoptic visible gratings (17, 18) . Experiment 2c: Sustained rivalry between invisible chromatic gratings. In another series of experiments, we further investigated whether continuously presented dichoptic invisible gratings could lead to sustained rivalry. In the first experiment, we measured sensitivity to a monocular probe when the two eyes' invisible gratings were either orthogonal or parallel to each other. The orthogonal gratings had the potential to engage in rivalry, whereas the parallel gratings were expected to be fused. The logic for this is that if rivalry competition occurred in the orthogonal condition during the continuous presentation, then we would expect, on average, a lower sensitivity to the monocular probe owing to interocular suppression. Our results show that indeed, sensitivity for detecting the monocular probe was significantly lower in the orthogonal condition than in the parallel condition [t (6) = 3.4968, P = 0.0129] (Fig. 5A) . The lower sensitivity in the orthogonal condition supports the existence of sustained alternating interocular suppression between the orthogonal invisible gratings. As shown in Fig. S1D , the dichoptic orthogonal and parallel gratings were perceptually identical; subjects were not aware of interocular conflict during the dichoptic presentation of orthogonal gratings.
In the second experiment, we biased the direction of potential interocular suppression by changing the relative contrast of the two dichoptic invisible gratings, with high contrast in one eye (high-contrast eye) and lower contrast in the opposing eye (lowcontrast eye). A threshold-level monocular probe was presented to either eye in random order. The rationale for this approach is that if rivalry competition occurred, then interocular suppression would be stronger from the high-contrast eye to the low-contrast eye than vice versa. Our results show that the probe detection performance was significantly poorer (i.e., exhibited stronger suppression) when the probe was presented to the low-contrast eye than when it was presented to the high-contrast eye [t(6) = 5.4770, P = 0.0015] (Fig. 5B ). This sensitivity difference provides further support for the existence of sustained rivalry between two invisible gratings.
In the final experiment, we further investigated the dynamics of the potential sustained rivalry between two dichoptically presented orthogonal invisible gratings. A monocular probe was presented to one eye every 2 s during the 60-s viewing period. If the tested eye underwent alternating dominant and suppressed phases of rivalry, then the detection performance of the probe would be better with the eye in the dominant phase compared with the suppressed phase. In other words, when a correct response is made to the monocular probe, the tested eye would be more likely (A) Orientations of the two eyes' invisible gratings were either parallel or orthogonal from each other. The detection sensitivity (reciprocal of the detection threshold) of a monocular probe was significantly lower in the orthogonal condition than in the parallel condition. (B) Two orthogonal invisible gratings (one with lower contrast than the other) were presented dichoptically. The detection performance of a monocular probe was significantly lower when it was presented in the eye with the low-contrast grating (probe in the lowcontrast eye) than when it was presented in the eye with the high-contrast grating (probe in the high-contrast eye). (C) Two orthogonal gratings were presented dichoptically in full contrast. A monocular probe was presented to one eye every 2 s. The detection performance was higher for probes temporally adjacent to a correctly detected probe (red line) than for probes temporally adjacent to a trial with incorrect responses (green line). *P < 0.05.
to be in the dominant phase than in the suppressed phase, and vice versa for an incorrect response. Therefore, probes temporally adjacent to a correctly detected probe (most likely in the dominant phase) should have a greater likelihood of detection than those adjacent to a probe with incorrect responses. Our results show the temporal relationship consistent with this prediction: trials adjacent to the correctly detected probes show significantly better performance than those adjacent to the trials with incorrect responses [t(6) = 3.2430, P = 0.0176] (Fig. 5C ). This pattern of result is consistent with predictions based on sustained binocular rivalry alterations during continuous dichoptic presentation of invisible gratings.
To summarize, experiment 2 shows that an invisible grating in one eye can enhance rivalry competition with an orthogonal visible grating in the other eye (experiment 2a). Without any perceived difference in the two eyes' stimuli, the unperceived onset of an invisible grating can produce interocular flash suppression on another invisible grating (experiment 2b), and there is converging evidence to support the occurrence of sustained rivalry during continuous presentation of conflicting but invisible patterns (experiment 2c).
Discussion
The present study demonstrates that binocular rivalry does not require visual awareness of interocular conflicting information. Even with identical perceptual outcomes, binocular rivalry still occurred between two invisible dichoptic gratings. This result suggests that binocular rivalry transpires when different images are presented to the two eyes, whether or not they lead to conflicting perceptual interpretations. Thus, the neural mechanism responsible for the initiation of rivalry competition operates without consciousness.
The finding that invisible gratings can induce TAE and orientation-selective adaptation, along with direct fMRI measurements, strongly support that the conflicting information from dichoptic invisible gratings was represented in the early visual cortex, but was not effective in activating the frontoparietal cortices. The demonstration of binocular rivalry with invisible gratings suggests that binocular rivalry does not require conscious detection of interocular differences. This observation is consistent with conclusions reached by a recent study showing unreportable rivalry switches between visible motion stimuli (19) . Our present findings differ from previously published findings in showing that the rivalry competition can be independent of conscious registration of the conflicting features in the dichoptic stimuli, suggesting that interocular competition is triggered by and resolved by local mechanisms in the early visual cortex.
Previous reports have suggested that binocular rivalry could be independent of awareness. For example, a recent study found evidence of interocular competition from threshold-level motion stimuli (75% accuracy in a 2-AFC task) (20) . Although that is an interesting study, given that each eye's stimulus was at threshold level and often visible, this result by itself could not be taken as clear demonstration of rivalry without awareness. Studies in anesthetized monkeys also showed neural evidence for rivalrylike competition in monkey V1 (4, 21) . However, along with the differences between species, there are also important differences between the alert but unaware of the stimulus feature and being in a state of anesthesia; thus, it is difficult to generalize the results from the anesthetized monkeys to alert human observers.
Results from the present study showing binocular rivalry occurs without visual awareness also provide an interesting and important contrast with recent findings indicating that binocular rivalry depends on attention to the dichoptic stimuli (11, 22) . These results support the important view that top-down attention and consciousness are two distinct processes (9, 10) . The mechanism responsible for resolving visual conflict between the two eyes is likely in the early visual cortex; its operation requires top-down spatial attention, but not visual awareness to the conflicting information.
In addition to binocular rivalry, there is also a report that the neural dynamics underlying motion-induced blindness (MIB) continue without visual awareness of the MIB stimulus (23) . Binocular rivalry and MIB, as well as other paradigms that produce fluctuating subjective experience under constant visual input, have been used to study the neural correlation of consciousness (1, (24) (25) (26) . Our findings from the present study highlight the important point that fluctuations of neural signals in the brain correlated to the alternating perceptual state are just that, correlations. Some of these neural processes are neither the cause nor the effect of changes in conscious visual perception. Thus, we must be particularly cautious in relating neural fluctuations during bistable perception to the neural correlate of consciousness.
Conclusions
Using chromatic gratings with their spatial patterns rendered invisible by fast flicker, we have demonstrated that binocular rivalry could be induced and sustained from invisible orthogonal gratings that are perceptually identical. In stark contrast to the critical role of focused attention on binocular rivalry (11, 12) , visual awareness and the associated frontoparietal representation of the conflicting features are not responsible for the initiation and maintenance of binocular rivalry. Apparently, attention enables the conflict-resolution process, and whereas the engagement of this process is independent of awareness of the conflicting features, the outcome of such a process provides the content of conscious representation.
Materials and Methods
Participants. Five subjects (three males, three naive subjects) participated in experiment 1a, six subjects (three males, four naive subjects) participated in experiment 1b, and nine subjects (six males, seven naive subjects) participated in experiment 1c. Twelve subjects (five males, 10 naive subjects) participated in experiment 2a, seven subjects (two males, five naive subjects) participated in experiment 2b, and seven subjects (four males, five naive subjects) participated in experiment 2c. The subjects ranged in age from 20 to 34 y, and all had normal or corrected to normal vision. All subjects provided written informed consent before the experiments. The Institutional Review Board of the Institute of Biophysics approved the experimental protocols.
Stimuli and Procedures. Visual stimuli were generated by MATLAB with the Psychophysics Toolbox extension (27, 28) , running on a Mac Pro computer, presented on a 27-inch Apple LED cinema display at a screen resolution of 2,560 × 1,440 at 60 Hz. Rapidly counterphase-flickering (30 Hz) chromatic gratings show a visible artifact in-between the R/G stripes on CRT monitors, but not on high-resolution IPS LED monitors. Before each experiment, the subjective isoluminance of red and green for the chromatic grating was adjusted for each observer with the minimal flicker procedure. The procedure was repeated four times, and the results were averaged.
In experiment 1, the adapting stimuli were 30-Hz flickering R/S square wave gratings. In the TAE experiment, the invisible chromatic gratings were tilted +15 or −15 degrees from vertical, were subtended 1.79 degrees of visual angle, had a spatial frequency of 5 cycles per degree (cpd), and were at 35% color contrast (SI Materials and Methods, Definition of Chromatic Contrast). To minimize the visibility artifacts from small eye movements, solid yellow lines were presented between the red and green stripes of the chromatic grating (Fig. S4) . For each grating, the yellow lines were presented at both +15 and −15 degrees. At stimulus onset and offset, the chromatic contrast of the grating was ramped up or down at 500 ms. The test grating was presented at 3% contrast with the same size and spatial frequency as the adapting stimuli, tilted at 0, ±1.5, and ±4 degrees from vertical. Subjects made forced-choice responses to indicate whether the test grating appeared tilted to the left or to the right. Subjects pressed another button if they accidentally perceived any visible artifact during the adaptation period, and that trial was excluded from further analysis.
In the orientation-selective adaptation experiment, the counterphase flickering chromatic gratings were tilted +45 or −45 degrees from vertical, with 3.35 cpd of spatial frequency, 2.09 degrees in diameter, and at 35% chromatic contrast. Fig. S5 shows the light intensity of the red/green channels for the sine wave chromatic grating. The contrast ramps for stimulus onset and offset were ameter, with spatial frequency as the adapting stimuli and adaptive chromatic contrast, either parallel or orthogonal to the adapting orientation. The probe was presented for 100 ms (contrast ramp up and down in Gaussian profile), accompanied by a low-pitched (400 Hz) tone. The distance between the center of probe and the fixation point was 0.42 degrees. At least six 3-down-1-up staircases were collected for each orientation condition. A Weibull function was fitted to the data pooled across all staircases, the detection threshold was defined as the contrast level at 79% accuracy. Subjects pressed a button to skip the current probe detection trial if they encountered any visible artifact.
In the fMRI experiment, chromatic gratings (sine wave pattern) were counterphase flickered at 7.5 Hz (visible) or 30 Hz (invisible) at the central visual field for 2 s, followed by a 14-s ISI. The spatial frequency of the gratings was 2.8 cpd, and the diameter was 4.3 degrees of visual angle. Each functional scan lasted for 256 s. During the scan, subjects performed a central fixation task to detect occasional luminance changes of the fixation. Two scans were collected for the visible grating condition, and four scans were collected for the invisible grating condition. In another two scans, rotating wedge and expanding ring stimuli were used to identify the retinotopic visual areas. More details are provided in SI Materials and Methods, MRI Data Acquisition and Analysis.
In the binocular rivalry experiments (experiment 2), the flickering chromatic gratings were sine wave patterns with the same spatial frequency, size, and contrast as in the orientation-selective adaptation experiment. The sine wave patterns helped further reduce visible artifact to a negligible level (SI Materials and Methods, Visibility Test) compared with the square wave gratings used in experiment 1. In experiment 2a, the contrast for the visible grating was 3%, tilted +45 or −45 degrees from vertical, and orthogonal to the flickering chromatic gratings in the opposing eye. All of the other stimulus parameters were the same as for the TAE experiment. During the 60-s dichoptic presentation period, the contrast for the invisible chromatic gratings was modulated at 1 Hz. For each cycle, the contrast of the chromatic gratings was ramped from 0% to 35% in 250 ms, kept at a plateau for 400 ms, then ramped down to 0% in 250 ms. The next cycle was started after another 100 ms. The test stimulus was defined as a brief contrast increment in a small disk area of the visible grating, which subtended 0.3 degrees in diameter, located 0.42 degrees from the fixation point, and lasted 200 ms. During monocular presentations, the probe detection threshold was estimated with four staircases for each individual. During dichoptic presentations, the probe detection performance at the threshold level contrast was measured in 200 trials for each condition.
In experiment 2b, the contrast ramps for the onset and offset of the invisible chromatic gratings lasted 200 ms. The vertical test Gabor probe was 0.36 cpd in diameter and was presented for 300 ms (contrast modulated in Gaussian profile). The onset latency of the probe was defined as the interval between the onset of the probe and the time when the contrast of the dominant eye's gratings reached a plateau. The probe was presented at threshold-level contrast, which was measured with 3-down-1-up staircases.
Ninety-six trials were tested for each interval.
In experiment 2c, the spatial profiles of stimuli were the same as in experiment 2b. In all three experiments, invisible gratings were presented continuously for 60 s in each trial. In the first experiment, the contrast detection threshold of the probe was estimated using six staircases for each condition. The probe contrast was fixed at the threshold level in the other two experiments. The low-contrast gratings were presented at 10% contrast in the second experiment. The monocular probes were presented every 2 s in the last experiment, and self-paced in the other two experiments. Subjects pressed a button to skip the probe detection test if they perceived any visual artifact.
Subjects from experiments 1 and 2 participated in a series of 2-AFC tests on the visibility of invisible gratings. The results showed that the performance discriminating or detecting the invisible chromatic gratings was at chance level. The stimuli and procedure for the forced choice experiments are described in SI Materials and Methods, Visibility Test.
